Background Nutritional supplementation is a potential adjunct in the conservative management of carpal tunnel syndrome (CTS). This study investigated whether astaxanthin (a beta-carotenoid) increased the effectiveness of splinting in managing CTS.
Introduction
Carpal tunnel syndrome (CTS) is the most common compression neuropathy with an incidence in the population estimated at 52/100,000 person-years for men and 149/ 100,000 person-years for women [42] . Non-operative management is the first line of treatment and generally includes wrist splinting of the affected extremity [13, 48] . Other conservative therapies that have been evaluated include non-steroidal anti-inflammatory drugs, injection of medications, rehabilitation modalities (therapeutic ultra-sound, stretching, and strengthening), and pyridoxine [38, 41, 49] . Specific factors are known to affect treatment outcome with upper extremity pathology. Patients on workers compensation are known to have a greater pain and disability with CTS. Severity of nerve compression is also known to affect the likelihood of success with conservative management [26, 31, 39] .
Astaxanthin is a lipid-soluble carotenoid found in microalgae, yeast, salmon, trout, krill, shrimp, crayfish, and crustaceans. Astaxanthin, unlike some carotenoids, is not converted to vitamin A (retinol) in the human body. It has lower toxicity than vitamin A and may have a different antioxidant activity than other carotenoids. The US Food and Drug Administration has approved astaxanthin as a food coloring (or color additive) for specific uses in animal and fish foods. A patent awarded by the US Patents Department to Lorenz et al. in 2001 [30] claimed astaxanthin as a method of retarding and ameliorating CTS. Astaxanthin, whose scientific name is ketocarotenoid astaxanthin, 3,30dihydroxy-b,b-carotene-4,40-dione, belongs to the family of xanthophylls, which are the oxygenated derivatives of carotenoid. Astaxanthin is ubiquitous in nature, especially in the marine environment [29] . It provides the red color of salmon meat and cooked shellfish and contributes to the pinkish-red color of their flesh [25] . Astaxanthin (and other carotenoids produced by Haematococcus algae) has a long history in the food chain and human diet because they occur naturally in foods commonly consumed by humans.
Previous studies have suggested that the bioactivities of carotenoids might be due to their prior conversion to vitamin A and focused on b-carotene. Subsequent studies showed that some carotenoids without pro-vitamin A activity were as active and at times more active than b-carotene [48] . Astaxanthin is one such carotenoid that does not possess a pro-vitamin A activity and has been reported to have potent bio-activities such as antioxidative, anticancer, antidiabetic, and anti-inflammatory activities, gastric, hepatic, neuro, cardiovascular, ocular, and skin-protective effects, and other activities, [50] which are distinctly different and, at least in some cases, more potent than that of other carotenoids [48] .
Studies have confirmed that up to 6 mg of astaxanthin per day from a Haematococcus pluvialis algal extract can be safely consumed by healthy adults [17] . Absorption is aided by including the dosage in a fat-rich meal. A dosage of 4 mg of astaxanthin per day from Haematococcus algae is a relatively low amount that would normally be consumed in the human diet from salmonids or shrimp and will not cause any adverse effects in humans.
Splinting has been accepted as a relatively risk-free method of treating CTS conservatively. It has demonstrated effectiveness, although the rate of success and the severity of the CTS amenable to splinting are debatable [38] . Astaxanthin has been claimed to have effect on CTS [30, 34] as it acts as an anti-inflammatory agent because of its inhibitory effects on the production of nitric oxide [51] . Therefore, a potential role for astaxanthin would be as an adjunct to increase the effectiveness of splinting in a conservative approach to CTS.
The purpose of this study is to evaluate the effectiveness of the food additive astaxanthin as an adjunct in the management of CTS.
Materials and Methods

Subjects
All patients presenting with symptoms of primary CTS were evaluated by surgeons at the Hand and Upper Limb Center, London, Ontario, Canada. The diagnosis of carpal tunnel syndrome was made first by the referring family physician and secondarily by experienced hand surgeon at the Hand Center, and all were verified by electrophysiology. Referral electrophysiology was performed by different physical medicine specialists depending on the referring family physician. Follow-up electrophysiology was performed in a single laboratory. All were hand surgeons, and physical medicine specialists were academically appointed at the same university and follow the criteria stated by Remphel et al. [40] for clinical and electrophysiological diagnosis of CTS which includes a recommendation for using the most current version of the American Association of Electrodiagnostic Medicine criteria for diagnosis of CTS. Patients were recruited into the study by their hand surgeon and referred to the Clinical Outcomes Lab for independent blinded assessment of study outcomes. The patients signed an informed consent form before they could participate in the study. Patients were included in the study if they satisfied the following inclusion and exclusion criteria: 
Outcomes and Measures
The primary outcome of this study was the severity of symptoms of CTS measured by the Symptom Severity Scale (SSS) [28] designed specifically for CTS outcome evaluation. The primary outcome was measured at baseline, 6 and 12 weeks. The SSS has 11 questions covering six different symptom areas. Each question has five responses ranging from 1 point (mildest) to 5 points (most severe). Previous research on a group of 38 patients with CTS has shown the SSS to be a highly reliable and responsive tool in capturing the symptom severity [28] . A reliability of 0.91 has been documented for the SSS [28] . At the conclusion of the study, patients also answered a global rating of change to say whether they had no improvement, mild moderate improvement in symptoms, or complete resolution.
Secondary outcomes in our study included physical impairments, disability, and health status measures. Secondary outcomes were measured at baseline, 6, and 12 weeks according to standardized methods described below, with the exception of electrophysiology which was performed only at baseline and 12 weeks.
1. Motor nerve function: Motor nerve functional impairment was assessed by measuring pinch (tripod) and grip strength using the NK computerized hand evaluation system. The inter-instrument reliability of the NK pinch gauge was high (ICC>0.90) [31] . The pinch strength scores obtained with NK pinch gauge and two other pinch gauges were consistent and can be compared with normative data obtained with the other pinch gauges [31] . The inter-rater reliability for NK pinch gauge was also very high (ICC>0.87) [32] . 2. Dexterity: Dexterity was measured using the NK Hand Dexterity Board (NKHDT). This provided an objective assessment of the patient's ability to manipulate three subgroups of objects (small, medium, and large). NKHDT has demonstrated good concurrent validity (r 00.47-0.87) with Jebson's Hand Function Test [33] and has a good test-retest reliability 0.48-0.85 [43] . Its responsiveness has also been found to be satisfactory [1] .
Vibration sensory threshold: A vibrometer with a
software-controlled protocol was used to determine vibration sensory threshold. Vibrometer measurements have been found to be consistent with electrodiagnostic findings of CTS [16] . Vibrometry at 50 Hz has demonstrated reliability (reliability coefficient00.86) [19] . 4. Upper extremity disability: It was measured using the Disability of Arm, Shoulder and Hand (DASH) Questionnaire [6, 20] . It is a 30-item self-report measure that evaluates impairments, activity limitations, as well as participation restrictions due to disorders of the upper limb [44, 45] . The total DASH score is calculated from the raw scores obtained and can range from 0 (no disability) to 100 (severe disability). The DASH has been validated for use in carpal tunnel syndrome [15, 27] . 5. Health status: Physical health status was measured using the physical component summary score of the Short Form 36-item Health Survey (SF-36). This is a 36item questionnaire, yielding an eight-scale profile of scores, as well a physical component summary score and a mental component summary score [46, 47] . The SF-36 is a generic health status measure that has been used in multiple musculoskeletal disorders [2, 5, 8, 14, 24] , including carpal tunnel syndrome [3, 4, 9] . 6. Touch perception sensory threshold: Touch threshold was measured using the NK pressure specified sensory device. It has demonstrated high test-retest reliability of r 0 0.95 [12] . 7. Electrophysiology: Parameters including the distal latencies, conduction velocities, and amplitudes of the motor and sensory potentials were measured. At baseline, these were taken from the records provided by the referring family physician/physical medicine specialist; follow-up EMG was performed in a single lab according to a standardized protocol. In both cases, laboratories comply with the recommended guidelines proposed by the American Association of Electrodiagnostic Medicine as outlined by the consensus criteria for diagnosis of carpal tunnel [40] . Buch and Foucher [11] and others [18, 40] have described nerve conduction studies to be an indispensable part of the preoperative evaluation of CTS. These tests have been reported to have very high sensitivity and specificity of 85% and 87%, respectively [18] .
Lipid profile: A high level of low-density lipoproteins
(LDL) has been described as a risk factor for idiopathic CTS [7, 36] . Blood levels of LDL, high-density lipoproteins (HDL), triglycerides, and total cholesterol were measured in blinded samples by an independent laboratory.
Procedure
Sixty-three patients with electrodiagnostically confirmed CTS were recruited into the study over a 1-year interval (see Table 2 ). Astaxanthin capsules and identical placebos were provided to patients according to a computer-generated randomized permutated block design. Allocation was blinded to surgeons, assessors, and clinic staff. The characteristics of the recruited patients are described in Table 1 .
The recruited patients were randomly allocated into either the experimental group (n032) or the control group (n031).
Evaluation
All patients were evaluated by their surgeon for entry into the study, and the all study assessments were administered by a blinded research assistant. All patients had standardized tests performed upon entry into study and at 6 and 12 weeks following surgery. Components of these evaluations were:
1. Baseline medical evaluation including history and clinical examination by experienced hand surgeon; 2. Electrophysiology to establish severity of CTS; 3. Screening blood work including CBC, electrolytes, BUN, creatine, ESR, CRP, LFT, and lipid profile. 4. Radiography was performed as part of the clinical evaluation if indicated by history or physical examination, e.g., diagnosis of malalignment with a previous wrist fracture/ wrist arthrosis. Results were used to exclude ineligible patients, but not recorded as a study outcome.
Impairment and disability outcome measures
Interventions
All patients had been referred by a primary practitioner and received management prior to being seen by a hand surgeon. The exact nature of this varied according to primary care physician. Patient agreed to participate in a trial of splinting with random allocation to the adjunctive treatment.
Patients were randomized to receive either placebo or astaxanthin which were coded to maintain triple blinding (physician, research assistant, and patient). The astaxanthin group received 4-mg capsules of astaxanthin; the placebo group a visually identical capsule. All patients were asked to take the tablets after evening meals. The medications were taken for a 9-week period followed by a 3-week wash-out period. Phone checks were performed at 3-week intervals by the study assistant to check that patients were taking their medication, had enough medication, and had experienced no adverse reactions or unusual symptoms. Patients were asked to return medication bottles, and pill counts were performed to further monitor compliance. Compliance was also evaluated by questionnaire at each re-evaluation.
The wrist was splinted in a position of neutral wrist flexion, i.e., 0°at night, with supplemental splinting during the day for activities that placed the wrist in a position of risk. Patients were instructed not to request a change in treatment during the course of the study and to inform the research assistant if a change became necessary.
Statistical Analysis
Data was entered and verified by cross-checking the database with original records, performed by a second blinded research assistant. All statistical analysis was performed using SPSS statistical software (α00.05). Analysis of variance (generalized linear models with repeated measures on the time factor) was used to detect treatment differences over time and between the two treatment groups for the primary outcome measure (SSS) and all secondary outcomes. Number needed to treat (NNT) is the number of patients who need to be treated in order to achieve one successful additional improvement in symptoms (above control) and is the inverse of the absolute risk reduction. The absolute risk reduction is the difference in rate of patients achieving a positive improvement in symptoms in the control group versus the treatment group.
Results
Primary Outcome
Patients were similar on most descriptive factors with the exception of the fact that more people in the astaxanthin group had a previous episode of splinting for CTS (see Table 1 ) and they had higher baseline cholesterol levels.
There was a significant improvement in symptom severity over time in both treatment groups (p00.002) (see Table 2 ). There was no significant difference in the functional scores over time. There was no significant difference between the groups for either symptoms or functional status. More patients responded to global rating that they had a moderate or better improvement with astaxanthin as compared with placebo (13 vs. 8), although this was not significantly different (p00.18). This translated into a NNT of 7 (i.e., seven patients would be needed to be treated with astaxanthin before one patient would gain benefit not achieved through the standard treatment). However, the extent of reduction in symptoms was relatively small; the severity of symptoms at the end of the study was still clinically significant. To explore the potential impact of clinical covariates, ANCOVA was performed with presence of hand arthritis (e.g., mild CMC was not an exclusion), previous episode of splinting, or baseline cholesterol as a covariates. These variables were not significant covariates neither did it alter the significance of the primary outcome.
Secondary Outcomes
Impairments in secondary outcomes including the DASH, SF-36, and cholesterol (Table 3) ; hand impairment measures (dexterity, grip strength, and sensory threshold; Table 4 ) and electrodiagnostic findings (Table 5) were not significantly different between treatment groups. The majority of these measures also did not show a significant improvement over time with the exception of vibration thresholds which improved over time in both treatment arms and motor amplitude which improved in the placebo arm. Mental health status approximated the US population norm of 50 whereas physical health status was significantly lower than the population mean (see Table 4 ).
We did a follow-up survey of all patients who had exceeded the normal range for blood levels, in case the family physician had changed medications as a result of these findings. None of the patients reported medication changes, even when specifically questioned about cholesterol-lowering medications.
Side Effects
A few "side-effects" were reported by patients. Our ethics board did not require formal reporting of minor symptomatic complaints such as stomach upset and diarrhea. These were reported with equal frequency between the group getting active astaxanthin and the placebo. No moderate or severe adverse events were reported in either treatment arm.
Discussion
This study did not demonstrate a significant adjunctive effect of astaxanthin when added to a splinting program ANCOVA controlling for arthritis: time effect remained significant (p00.008); other effects were not significant: arthritis effect00.21, group effect00.12; time×arthritis or group, both0NS
ANCOVA controlling for differences in baseline cholesterol resulted in differences occurring over time being NS (reduced power), however, there was no significant effect of total baseline cholesterol (p00.15) or treatment (p00.29) a Statistically significant difference HAND (2012) 7:1-9
for conservative management of patients with prolonged symptoms of CTS. This is in contradiction to the reports of Lorenz et al. [30] claiming the ameliorating effects of astaxanthin on CTS.
The results of this study augment and confirm the findings of Nir et al. [37] . In their study, they followed 20 subjects, randomly allocated to either to the astaxanthin group or the placebo group, for 8 weeks. They reported a trend of decreased pain rate and duration; but their results did not reach statistical significance. They concluded that there is insufficient evidence to recommend for or against the use of astaxanthin for CTS and recommended a further large-scale study. Our study in contrast included 63 subjects, and we analyzed multiple outcomes and still found non-significant between-group differences. We observed small differences over time to suggest that there was an improvement in symptoms in patient's splinted with or without active astaxanthin. Since this analysis is dependent on repeated measures of individuals over time, it had higher power for detecting differences than did the between-group comparisons.
Our study was powered to detect a 20% improvement. Both treatment arms experienced less than 10% improvement overall and thus did not reach a level considered clinically significant. If small differences of 10% were considered clinically significant, then sample size would need to be substantially larger.
Since we recruited patients with persistent symptoms, many of whom had a previous episode of conservative management, we might view this as a resistant population. In light of this, these results should not be considered generalizable to a first attempt at conservative management.
In Canada, patients are often managed at the primary care level for substantial amounts of time as hand surgeons have a waitlist. It is known that patients with more prolonged or severe carpal tunnel are less likely to respond to traditional conservative management [10, 35] . A number of these groups may have failed a second attempt at conservative management which may explain the relatively low overall response across different outcome measures. We selected a resistant population, with the view that, if astaxanthin was beneficial in a more difficult population, then it would be an important clinical contribution. However, this effectiveness was not demonstrated. A global rating of moderate improvement was more commonly reported in the astaxanthin group (13/32 versus 8/31) and was associated with a number needed to treat of 7 which might be considered a reasonable treatment threshold. Therefore, we cannot preclude the possibility that astaxanthin has a role if clear indications for patients who could potentially benefit could be defined. Any future study that wishes to do so should focus on patients earlier in their natural history or progression of carpal tunnel syndrome and who have not had a previous trial of conservative management. Since our study had relatively small numbers in subgroups, it was not possible for us to investigate whether specific subgroups were more likely to respond. Patients were interviewed every 3 weeks with careful attention to the occurrence of self-reported side effects. It is interesting to note that patients in both groups felt that they experienced medication-related side effects. However, the nature and frequency of these were similar between the placebo and astaxanthin groups. As these primarily related to digestive problems or exacerbation of current problems (such as acne), it is highly likely these reported side-effects reflected the current health status of the patients rather than medication-induced changes. The fact that the placebo group reported side effects illustrates how patients can interpret routine symptoms as attributable to an inert medication. A similar attribution occurs in recall bias. This illustrates the importance of prospective, blinded placebocontrolled trials to provide unbiased assessment of treatment effects and side effects/complications. Systematic reviews have confirmed that conservative management is effective [21, 35] and that surgery has a larger overall benefit [22, 41] , in particular, for those who fail conservative management. Our findings of a small improvement over time in a group with chronic carpal tunnel syndrome are in agreement with these evidence syntheses. This study has not identified astaxanthin to be an effective adjunct to standard conservative management. 
